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The effect of tip radius on atomic force microscopy ͑AFM͒ nanoindentation is investigated through indentation on the ͑111͒ face of a gold single crystal. The hardness is derived using two different methods: by measuring directly the projected area of the residual indent with AFM images and by measuring the cross-sectional area of the indenter before and after each nanoindentation test. The hardness values obtained from the cross-sectional area of the indenter are comparable with those obtained from images of the residual indent scanned with a sharp tip. Two AFM tips of average radii of 70Ϯ 12 and 112Ϯ 26 nm are used to indent the sample to various depths ranging from 4 to 50 nm. For depths above 30 nm, hardness values remain constant around 500 MPa for both indenters. For depths below 30 nm, the hardness increases as the indent depth decreases for the sharp and blunt indenters, and the indent depth dependence is observed over a wider depth range for the sharp indenter. For depths below 30 nm, the hardness values obtained with the sharp indenter are also consistently higher than those obtained with the blunt indenter. The results confirm a size scale effect during nanometer scale indentation for both varying penetration depth and tip radius, both of which influence the volume of material sampled during deformation. © 2008 American Institute of Physics. ͓DOI: 10.1063/1.3039511͔
I. INTRODUCTION
Microindentation has been widely used to study the mechanical properties of a material and represents an alternative to tensile testing for nanostructures, brittle materials, or thin films. 1, 2 Technical advances in the past decade even enabled nanoindentation measurements. The popularity of the technique has increased significantly since new methods have been introduced to determine the hardness and the elastic modulus without the need to image the residual indent. 3, 4 The hardness and the elastic modulus are derived from the unloading force-depth curve, which can be analyzed using the relations between the contact stiffness, the contact area, and the reduced elastic modulus, derived by Sneddon for axisymmetric indenters. 5 The method relies heavily on the knowledge of the area function of the indenter, defined as the cross-sectional area of the indenter as a function of the distance from its apex. 3, 6 A typical calibration procedure involves indenting a reference material of known elastic modulus and Poisson's ratio, such as fused silica, and measuring the instrument compliance at various depths. The data are then fitted to an area function, assuming, for example, that the indenter is an ideal three-sided pyramid in the case of the Berkovich indenter. The determination of the area function and the contact stiffness requires the introduction of empirical parameters and correction factors, which depend on the indenter shape, 1, 7, 8 indent depth, 8 and also the material. 2 The accuracy of the area function is especially critical for indentations at maximum depths below 50 nm since even a diamond indenter can experience wear with repeated use at this scale. The apex of the indenter is usually modeled as a sphere, cone, or three-sided pyramid since an accurate measurement of the area function at the nanometer scale is not available on most commercial nanoindentation systems due to the poor lateral spatial resolution and the shape of the commonly used Berkovich indenter.
There has been an intensive effort to model and study experimentally the effect of the tip geometry [7] [8] [9] [10] [11] [12] and bluntness [13] [14] [15] [16] [17] on hardness values. A greater understanding of the effect of tip shape on hardness will give an insight into the indentation size effect on hardness measurements. [18] [19] [20] [21] It has been widely accepted that the indentation size effect has an underlying physical origin, but its interpretation is sometimes debated. For thin films deposited on a substrate, the indentation size effect can be explained by the influence of the substrate, constraint from film thickness, or strain gradient plasticity. 13, [22] [23] [24] For materials that deform through the motion of dislocations, strain gradient plasticity predicts an indentation size effect driven by geometrically necessary dislocations. 25 The contribution of tip shape effects to indentation size effects remains uncharacterized and unclear. 18 For example, due to its geometric similarity, a perfectly sharp conical indenter on a homogeneous material would not be expected to cause a size scale effect. 13 However, various hardness measurements on fused silica, which have indicated little depth dependence for a Berkovich indenter, 16 and an increase in hardness with increasing depth for depths below 200 nm for a pyramidal tip sharper than the Berkovich tip, 9 indicate that the magnitude of the indentation size effect depends on the a͒ Author to whom correspondence should be addressed. Electronic mail: elisa.riedo@physics.gatech.edu.
indenter shape and possibly on the calibration procedure. Finite element simulations revealed no indentation size effect for ideal conical indenters. However, an indentation size effect is predicted for blunted conical indenters, especially for indent depths smaller than the tip radius. 13 The hardness values were also found higher for conical indenters with a smaller cone angle. 9, 18 Earlier work by Tabor 26 on copper with a spherical indenter of 10 mm diameter showed that the hardness increases with the chordal diameter of the indentation. For spherical indenters, it was suggested that the hardness depends on the indenter radius rather than on the indent depth, 17, 19 although the smallest indenter radius studied was 14 m, much larger than the radius of atomic force microscopy ͑AFM͒ tips. Finite element simulations showed that for spherical indenters with radii in the nanometer scale, the hardness increases with the ratio of the contact to tip radius. 13, 14 Understanding the effects of the indenter shape on hardness measurements opens the possibility to more directly compare data obtained with different indenters. Most of the hardness data in the literature are currently collected using Berkovich indenters. However, sharper indenters are better suited for the study of hard thin films and thin films of only a few nanometers, where plastic deformation should be constrained to a very small volume. 9, 13 Indenter tip shape can be determined using scanning electron microscopy 27 or transmission electron microscopy, 4 but these techniques are impractical to monitor the tip wear after indentation tests. Alternatively, AFM offers the ability to measure forces in the subnanonewton range and topography with excellent normal and lateral spatial resolution. AFM also enables the direct imaging of the indenter and the accurate determination of the area function around the tip apex. 18, 27 In this study, the hardness of a ͓111͔ oriented gold single crystal is measured at depths smaller than 40 nm by AFM. The hardness is measured using two different methods: by measuring the area of the residual indent with AFM images and by measuring the cross-sectional area of the indenter before and after each nanoindentation test. The hardness values obtained with the two methods are compared and the effect of tip radius in AFM nanoindentation is investigated.
II. EXPERIMENTAL
The gold single crystal ͑99.99% purity, Monocrystals Co., Medina, OH͒ is oriented in the ͓111͔ direction and is 2 mm thick. The nanoindentation force-depth data were collected using a Veeco CP-II AFM with a noncoated silicon tip ͑NCHR, NanoWorld͒ or a diamond-coated silicon tip ͑DT-NCHR, NanoWorld͒ at room temperature and in air. The DT-NCHR tip is an NCHR tip coated with a 10 nm thick diamond film, so the two tips, which are three-sided pyramids, should have the same face angles. The normal cantilever spring constant was calibrated using the method of Sader et al., 28 32.2 N/m for the noncoated silicon tip and 44.2 N/m for the diamond-coated tip. The normal force was calibrated by recording the deflection of the cantilever as a function of the scanner displacement while in contact with the silicon substrate. For each nanoindentation test, a new location on the sample was selected, a scanner displacement was chosen, and the duration of the test was set so that the scanner velocity in the normal direction was kept constant at 0.6 m / s. The indent depth is obtained by subtracting the cantilever bending from the scanner displacement. The adhesion forces were negligible compared to the force required to deform the gold crystal plastically, and thus the contact point can be defined as the scanner position at which the force was minimum. This definition of the contact point reduces the error on the indent depth below 1 nm.
The hardness was determined using two different methods. In the first one, the hardness is given by the ratio between the maximum load and the area of the residual indent. In the second one, the hardness is defined as the ratio between the maximum load and the cross-sectional area of the indenter at maximum indent depth. For the first method, only the diamond-coated silicon tip was used to indent the gold crystal. The gold crystal was indented three times at various depths and the residual indents were imaged immediately after each indentation using the same diamond-coated silicon tip in tapping mode. After the third indent, the diamondcoated silicon tip was replaced by a new and sharp silicon tip ͑PPP-CONT, NanoWorld͒ of tip radius around 10 nm, and the same three indents were scanned again using the sharp silicon tip in contact mode. The area of the residual indent was measured using a flooding method ͑SPIP software, Image Metrology A/S, Denmark͒ that identifies all the image pixels below the height of the undeformed sections of the gold crystal.
For the second method, the indenter shape was determined before and after each indentation test by scanning a silicon calibration grating TGT01 ͑MikroMasch, Tallinn, Estonia͒, which consists of arrays of inverted silicon tips of heights exceeding 400 nm and with radii smaller than 10 nm. Scanning the grating results in an inverted image of the indenter ͑Fig. 1͒. Computational erosion of the image was also used to generate the tip shape, using a blind tip reconstruction algorithm available on the SPIP software. 29 The surface of the tip was generated over an area of 627ϫ 627 nm 2 size ͑81 pointsϫ 81 points͒. Once the surface of the tip is reconstructed, the cross-sectional area A of the indenter was determined as a function of the distance to the tip apex d by counting the number of image pixels that are below a specified distance from the apex. The difference between the cross-sectional areas obtained with or without computational erosion is smaller than 1%. To monitor the effect of scanning size and scanning velocity on the measured cross-sectional
27
The area function A͑d͒ was fitted for d ranging from 0 to 40 nm using the model of a perfect three-sided pyramid
where ␣ is the angle at the apex of the AFM tip, defined as the angle of inclination of each of the three faces to the tip axis; or a sphere,
where R is the sphere radius. Since the real tip geometry is not axisymmetric, the tip radius derived with Eq. ͑2͒ is an average value over all directions.
III. RESULTS AND DISCUSSION
The hardness was first measured by imaging the residual indent with the indenter ͑diamond-coated tip͒. Three indents were made by applying maximum loads of 13.3, 13.8, and 16.5 N on the gold single crystal. The maximum indent depths recorded on the force-depth curves were 9, 54, and 66 nm, respectively. Each residual indent was imaged by the indenter in tapping mode immediately after the indentation and later by a new and sharp silicon tip in contact mode. The shallow indent made at 13.3 N could only be imaged with the sharp tip in the contact mode. All AFM images of the three indents scanned with the indenter or the sharp silicon tip show the same triangular indent shape that is similar to the expected cross-section of a three-sided pyramidal tip ͑Fig. 2͒. The residual indent depths measured with AFM images are smaller than the maximum depth measured on the force-depth curve. For example, for the indent at 13.8 N, the depth of the residual indent measured with the AFM images is 21 nm for the blunt indenter ͓Fig. 2͑a͔͒ and 23 nm for the sharp tip ͓Fig. 2͑b͔͒. These residual indent depths are significantly smaller than the maximum depth of 54 nm measured on the force-depth curve. The high slope of the unloading curve suggests that the elastic recovery is limited to below 10 nm. A small nonuniform elastic recovery can still significantly affect the measured residual indent depth due to the convolution of the tip and indent shapes.
More importantly, the area of the residual indent is systematically larger on the images collected with the sharp silicon tip than the ones collected with the indenter. As an example, for the indent at 13.8 N, the residual indent area measured with the sharp tip ͑24.3ϫ 10 3 nm 2 ͒ is about three times larger than the area measured with the blunt indenter ͑7.6ϫ 10 3 nm 2 ͒. Similar observations were made on the indent made at 16.5 N. The area of the residual indent measured on the AFM images scanned with the sharp tip is nearly four times larger than on those collected with the indenter. The larger residual indent area for the sharp tip cannot be explained by the deformation of the gold crystal during the AFM scanning in contact mode since the small set point of 3 nN used is negligible compared to the load required to deform the gold crystal plastically. The discrepancy in measured residual indent area is attributed to the convolution of the tip and the indent shapes.
The hardness measured at indent depths of 54 and 66 nm shows no significant depth dependence. The values were 0.60 and 0.61 GPa, respectively, when the area of the residual indent was estimated from images scanned with the sharp tip and 2.28 and 2.31 GPa, respectively, when scanned with the indenter ͑Fig. 3͒. The larger radius of the indenter leads to the systematic underestimation of the area and depth of the residual indent, and therefore an overestimation of the hardness. The indentation at a maximum depth of 9 nm yields a higher hardness value of 1.91 GPa. The error bars give the range of hardness values obtained from images of the residual indent scanned at different scanning rates, directions, and set points. These results suggest a depth dependence of the hardness only for depths smaller than 50 nm. This depth dependence was previously found in thin gold films and single crystals. 22, 23, 30 However, indenting the sample with a diamond-coated tip and then imaging the residual indent with a sharp tip are impractical for indent depths at the nanoscale. The method requires elaborate alignment marks to return to the same indent after a tip change. Also, the measurement of the area of the residual indent can be complicated by the uncertain amount of pileup around the indent that should be included. Pileups affect the depth along which the indenter and the sample are in contact and generally lead to the underestimation of the contact area. 31 These technical challenges motivate the development of a method to measure the hardness without imaging the residual indent or without calibration to a different standard.
The proposed method is based on the determination of the cross-sectional area of the indenter as a function of the distance from the apex. The hardness is then defined as the ratio between the maximum load and the cross-sectional area of the indenter at maximum indent depth. The tip shape can be determined by scanning a silicon grating TGT01, so no alignment marks or tip change is required, saving a considerable amount of time. Also, the tip shape can be monitored before and after each indent. For this method, the indent depth was limited to depths below 40 nm in order to limit the effect of pileups. The scanner velocity in the normal direction was intentionally kept constant at 0.6 m / s. Hardness values measured with scanner velocities between 0.5 and 0.8 m / s showed no significant difference over the same depth range ͑data not shown͒.
Using this method, two series of hardness values were obtained using two different tips as indenters: a diamondcoated silicon tip and a sharper noncoated silicon tip. The area function ͑cross-sectional area of the tip as a function of the distance from the apex͒ measured with AFM images is typically almost linear for distances below 40 nm, characteristic of an imperfect paraboloid tip ͑Fig. 4͒. A comparison between the fits using a perfect three-sided pyramid model ͓Eq. ͑1͔͒ or a sphere model ͓Eq. ͑2͔͒ reveals that a sphere model describes the tip shape better over this distance range. These fits provide an average value of the tip radius of 70Ϯ 12 nm for the noncoated silicon tip and 112Ϯ 26 nm for the diamond-coated tip. The error reflects the range of values obtained over the entire series of nanoindentations.
Images of the tip before and after each indent reveal that the tip radius can vary by almost 20 nm after one indentation test. The average difference between the radii before and after the indent is 11 nm for the noncoated silicon tip and 15 nm for the diamond-coated tip. These relatively large variations of the tip radius actually reflect the nonspherical tip shape rather than a significant modification in the area function. Discrepancies between the hardness values obtained using the area function before and after the indent exceed the error bars only for the noncoated tip and for indent depths below 15 nm ͓Fig. 5͑a͔͒. The errors on the hardness values are related mainly to the uncertainty on the cross-sectional area. The error bars reflect the range of cross-sectional areas estimated at distances from the apex within 1 nm from the maximum indent depth.
Data from both measurement techniques show a depth dependence on hardness for depths smaller than 25 nm. The hardness decreases as the depth increases from 5 to 20 nm and then remains constant for depths larger than 30 nm ͑Fig. 5͒. This depth dependence of the hardness cannot be attributed to a substrate effect since the indent depth range is very small compared to the thickness of 2 mm of the gold crystal.
The hardness values obtained with the diamond-coated tip using the images after indent ͓Fig. 5͑b͔͒ also match those obtained from AFM images of the residual indent scanned with the sharp tip ͑Fig. 2͒. The hardness values obtained with images of the indenter are between 0.6 and 0.8 GPa for depths larger than 20 nm, consistent with the 0.6 GPa value obtained with images of the residual indent at depths above 50 nm. The 1.91 GPa value for the 9 nm deep indent, measured from AFM images of the residual indent, also follows the trend suggested by the data from the cross-sectional area of the indenter.
Finally, the two series of hardness data obtained with the two tips using images of the indenter after indent are compared to study the effect of tip radius on the measured hardness ͑Fig. 6͒. The hardness values obtained using the sharp indenter are systematically higher than those using the blunt indenter for depths smaller than 30 nm. For depths larger than 30 nm, the hardness values are close to 0.6 GPa for both series of data. The lower hardness values for the blunt tip cannot be explained only by the diamond coating: the presence of the diamond coating is expected to increase the re- duced modulus of the tip-sample contact and lead to lower hardness values over the entire depth range. The similar values obtained at depths larger than 30 nm indicate that the diamond coating has a very limited effect on the hardness measurements.
The hardness values reach a constant value for depths above 15 nm for the blunt tip and above 30 nm for the sharp tip. For spherical and rounded nonspherical indenters, the depth range over which the hardness depth dependence is the most pronounced should be of the order of the tip radius.
14 Therefore, a smaller tip radius should result in a narrower depth range over which the hardness is depth dependent. The experimental contact radius can be estimated by the radius of the equivalent circle of contact delimiting the cross-sectional area of the indenter at maximum indent depth. When the hardness data in Fig. 6 are plotted against the ratio between contact radius a and tip radius R or against the d / R ratio 14 ͑data not shown͒, the indentation size effect is still observed over a wider range of a / R or d / R with the sharp tip than with the blunt tip ͑a / R Ͻ 0.8 with the sharp tip instead of a / R Ͻ 0.5 with the blunt tip, and d / R Ͻ 0.15 with the sharp tip instead of d / R Ͻ 0.3 with the blunt tip͒. The data indicate an inherent difference in obtaining data from tips with different shapes even when attempting to account for differences in the projected indent area. This effect may be driven by a difference in the gradient of deformation outside the sharp tip and the need for more geometrically necessary dislocations.
IV. CONCLUSIONS
The effect of tip radius on AFM nanoindentation was investigated through indentation on the ͑111͒ face of a gold single crystal. The hardness was derived using two different methods: measuring directly the projected area of the residual indent with AFM images and measuring the crosssectional area of the indenter before and after each nanoindentation test. The hardness values obtained from the crosssectional area of the indenter are comparable with those obtained from images of the residual indent scanned with a sharp tip. Two AFM tips of average radii of 70Ϯ 12 and 112Ϯ 26 nm were used to indent the sample to various depths ranging from 4 to 50 nm. For depths above 30 nm, hardness values remain constant around 500 MPa for both indenters. For depths below 30 nm, the hardness increases as the indent depth decreases for the sharp and blunt indenters, and this indent depth dependence is observed over a wider depth range for the sharp indenter. For depths below 30 nm, the hardness values obtained with the sharp indenter are also consistently higher than those obtained with the blunt indenter. The results confirm a size scale effect during nanometer scale indentation for both varying penetration depth and tip radius, both of which influence the volume of material sampled during deformation.
